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Table of contents

New methoxo-terminated 3% (M=Mo,W) clusters bearing aminophosphine ligandsehbeen isolated

in high yields by reaction of their halide precussavith methanol in the presence of triethylamine
(EtsN). Both tungsten and molybdenum derivatives haanlfully characterized by spectroscopic, mass
spectrometric and X-ray techniques. The crystalcsiires off Mo3Ssy(OCH)s](edpp)]BPhs (1(BPh))

and [WsS(OCHg)s](edpp}]BPhs (2(BPhy)) with edpp = 2-aminoethyl)diphenylphosphine confithat
one methoxo group coordinates each metal centrepBase dissociation of the novel methoxo cluster

cations using ESI tandem mass spectrometry ispaésented.



Abstract

Trinuclear [MsS4(OCHg)z)(edpp)]* complexes, 1* (M=Mo) and 2* (M=W) bearing (2-
aminoethyl)diphenylphosphine (edpp), have beeraisdl and fully characterized. Molybdenum and
tungsten halide precursors react with methandhénprresence of B, to yield the respective methoxo-
terminated clusters. The crystal structures of dergs 1* and 2* confirm that methoxo ligands are
coordinated to the metal centres. Gas-phase datgmciof the novel methoxo cluster cations using ES
tandem mass spectrometry reveals the sequenti@halion of three neutral methanol molecules under

Collision Induced Dissociation (CID) conditionsfaym metal/imino M=NH cluster species.

I ntroduction

Transition metal alkoxo complexes are attractivgess in catalysis due to the mechanistic possésli
that emerge from the high polarity of the metalgey bonds and the presence of lone pairs in the
oxygen atom. Insertion of unsaturated molecules the metal-oxygen lies in the principles of £0O
activation.[1, 2] However, the high reactivity afamsition metal alkoxides and their tendency to
decompose makes difficult the design of rationgbrapches towards the synthesis of this kind of
complexes.[3] Substitution of halide ligands bysgly donating alkoxo groups has been successfully

applied for the preparation of mononuclear molyhaerand tungsten methoxo complexes. [4]

In the last years, our group has prepared a sefie®lybdenum and tungstens@: (Q = S or
Se) clusters containing outer halide and diphosphraminophopshine, diamine or diimine ligands. [5-
17] In the course of our work, difficulties arisén@n attempting to replace the terminal halide gsdup
hydroxo or alkoxo ligands due to cluster decomparsiand/or oligomerization. In the case of the dmp
(1,2-bis(dimethylphosphino)ethane) derivatives, thave been able to isolate hydroxo-terminated
[M3S4(OH)z(dmpe}]* (M=Mo, W) clusters by taking advantage of the Rultharacteristics of the

diphosphane ligands which prevent them from decaitipa.[18, 19] In contrast, alkoxo terminated
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diphosphane [NBs(dmpe}(O)(OR)J" clusters have only been identified in gas-phasegusnass
spectrometric techniques. [19-21] As a result,ghsra lack of structural information concerning3vi
alkoxo clusters both in the solid state and in totu Recently, we have reported the synthesis and
structure of a series of molybdenum and tungsten@whosphine M clusters containing the edpp (2-
aminoethyl)diphenylphosphine)) ligand, represented-igure 1. [14, 17, 22] Remarkably, only the
isomer with the three phosphorous atoms Iyimags to the capping sulfur has been observed and its
structure is preserved in solution without any sigh hemilability of the bidentate ligand. Reaityiv
studies show that substitution of the bromide ldgam [WsS4Brs(edpp}]* by chloride or thiocyanate
easily occurs at room temperature while no reags®mbserved for its diphosphino analog. [14] keirt
investigation of the reactivity of the P8iBrs(edpp}]* cluster cation toward bases allowed us to fully
characterized the hydroxo-terminated :BA(OH)s(edpp}]* complex which exhibits an stability similar
to that of its dmpe analog probably due to the ibelks of the outer ligands, which would hinder

oligomerization.[22]
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Figure 1. Structure of [MSsX3(edpp}]* cations (M=Mo, W ; X=halide, pseudohalide, OH).

Motivated by the importance of alkoxo complexescatalysis, we decided to design a synthetic
procedure aimed to functionalize the aminophospMs®: cluster core with methoxo terminal ligands.
Herein, we present the synthesis and crystal tstreic of two alkoxo complexes

[M03S4(OCHs)s(edpp}]* (1*) and [WeS4(OCHs)s(edpp}]* (2*). Results on the gas phase dissociation

of the new complexes are also presented.



Results and Discussion

Synthesis and molecular structure

The design of efficient synthetic protocols is esisé for the development of transition metal céust
chemistry. We have recently reported that the apiinephine (2-aminoethyl)diphenylphosphine (edpp)
can be readily coordinated to the trimetallics3 unit through excision of one-dimensional
{M 357X 412X2}n (M= Mo, W; X=Cl, Br) polymeric phases or by reagimolecular [MeS:X¢]?> (X=ClI,

Br) cluster species with the aminophosphine ligamtiese two approaches have allowed us to isolate a
family of molybdenum and tungsten trinuclear cagiofigeneral formula [MX3(edpp}]* (M=Mo, W;
X=Cl, Br).[14, 17] As previously mentioned, bromitlgminal ligands in th/Ns:S4Brs(edpp}]* cluster

are easily substituted by other halides and pseldi@s. Mechanistic investigation based on DFT
methodologies revealed that the use of aceton#islesolvent favors the ligand substitution reaction
Such a behavior towards terminal ligands exchasgedistinctive feature of the 38 aminophosphino
complexes in contrast with its diphosphino analggwehich are less reactive towards terminal ligand
exchange.[14] In this context, we decided to ingesé the reactivity of the halide aminophosphine
complexes towards pure methanol but no reactiondetected. Hence, we choose to use a base such as
trimethylamine (EfN) to promote the generation of methoxo groups anthe same time facilitate
halide dissociation. Previous studies by our granglicate that BN abstracts one proton from the edpp
amino group, a process which is accompanied by id®ndissociation.[22] Thus, the addition of an
excess of BN to a suspension of complexd$BPhy) and 2(BPhy) in methanol resulted in the
substitution of the three halide terminal ligands rbethoxo groups in almost quantitative yields,

according to scheme 1.
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Scheme 1. Reaction scheme for the synthesis ofOCHs)s(edpp)} (M = Mo, W) cationic clusters.

The structures of catiodis and2* have been determined by single crystal X-ray alffion as its
tetraphenylborate salts. Figure 3 shows the ORTER wof thel* and2* cations. Notice tha® andM
enantiomers [15, 23, 24] which result from the udlear cluster backbone chirality, have been
highlighted. However, in our case both molybdenurd tungsten trimetallic complexes crystallize in
the P-1 centrosymmetric space group, that is, #reyobtained as racemic mixtures. The incomplete
cubane-type structure present on the halide clystecursors is retained and the three metal atoms
define an approximately equilateral triangle withaverage Mo-Mo bond distance of 2.7712 [10] A and
W-W bond distance of 2.7578[6] A. Each metal atdroves a pseudo-octahedral environment and its
coordination sphere includes a phosphorous antt@yan atom from the edpp ligand, a methoxo group
and one capping and two bridging sulfur atoms. Mie¢al-metal and metal sulphur distances within the
M3z cluster core are similar than those observedherialide precursois” and2*. The metal-oxygen
bond lengths of 2.018[6] A fat* and 2.000[7] A for2*, agree with the presence of a methoxo group.
Similar distances have been observed for the reetalen atoms in the [M&(dhprpe-H}]* (dhprpe=
2-bis(bis(hydroxypropyl)-phosphino)ethane)  [11], d#84(tdci)s]** (tdci=  1,3,5-trideoxy-1,3,5-
tris(dimethylamino)-cis-inositol)[25] and [V#(dhprpe-H}]* [26] complexes with average metal-
oxygen values of 2.018 A and 2.087 and 2.031 Aspectively. The molecular arrangement of the
halide precursors is transferred to the methoxwiteated derivatives and only one isomer is formed

with all three nitrogen atoms of the amino groupsated above the plane defined by the three metal
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atoms. [14, 17] Therefore, edpp nitrogen atomsaygen atoms from the methoxo groups coordinated

to the same metal center are found on the sameokithe trimetallic plane with OseeN distances het

range of 2.727(9) to 2.795(11) A far and 2.707(14) to 2.782(11) A f@-. The OsesN distances

between the oxygen atom coordinated to one metah &nd the nitrogen atom of the amino group

coordinated to the adjacent metal atom are indhge of 3.178(10) to 3.670(9) fbr and 3.275(10) to

3.602(16) A for2*. The solid state structure of complexisand 2+ is preserved in solution as

evidenced by theit'P{*H} NMR spectra registered in GBN, which shows a single signal at 40.3 ppm

for 1* and at 18.5 ppm fo@*, attributed to the three equivalent phosphorouwsnat from the

aminophosphine ligands which are located aboventttal plane.
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Figure 2. ORTEP representation of tié (left) and2* (right) cations (ellipsoids drawn at the 50 %

probability level). Hydrogen atoms have been ordifta clarity.



Table 1. Selected averaged bond distan¢&s for 1(BPh), 2(BPhy), [Mo3SCls(edpp}](BPhs) and
[W3SsBra(edpp}]l(BPhy).

Length (A [M03SsCla(edpp3](BPhs)  [W3SsBra(edpps](BPhs) 1(BPhy) 2(BPhy)
[17] [14]
M-M 2.7467] 2.7520[3 2.7712[10] 2.7578[6
M-pa-S(1) 2.361(13] 2.3450[16 2.375[2] 2.381[3
M-p-S(2)b! 2.2961[12] 2.3117[15] 2.331[2] 2.345[2]
M-p-S(2J¢! 2.2862[12] 2.3091[15] 2.302[2] 2.308[2]
M-P 2.54114] 2.5306[16 2.525[2] 2.518[3
M-N 2.273[4] 2.286[5] 2.311[7] 2.304[8]
M-X (X=ClI, 2.4626[15] 2.6401[7] 2.018[6] 2.000[7]

Br, OCHs)

[a] Standard deviations for averaged values arengin square brackets. [b] M-u-S distami@ns to

Mo-X bond. [c] M-u-S distancgansto M-N bond.

The tetraphenylborate salts of the and 2* cations co-crystallize with methanol molecules.
Interestingly, in the structure of the methoxo-terabed molybdenumt* cluster the methanol molecule
is located with the oxygen atoms pointing towafus amino group bonded to one metal centre and the
oxygen atom of the methoxo ligand coordinated #atjacent metal atom (see figure 3). Inspection of
the interatomic distances reveals the presence (iH)-Hee«OH-(CHs) hydrogen bond with N-O
distaces of 2.918(11) A. In addition, the OH grdugm the methanol molecule also interacts with the
oxygen atom of the vicinal methoxo group at a bterdjth of 2.799(10) A. Such an observation is a
crystallographic evidence of the non-innocent rofethe amino groups which can be potentially
deprotonated, facilitating the substitution of tiedide ligand in the presence of methanol, in agere

with our previous studies on the reactivity off8ABrs(edpp}]* complexes towards bases. [22]



Figure 3. ORTEP representation of the interaction betwgecation and one of the co-crystallized
methanol molecule (ellipsoids 50 % probability).eR¥ rings and hydrogen atoms have been omitted
for clarity.

Gas phase dissociation of 1* and 2* complexes

The ESI mass spectra of both aminophosphine complebtained under gentle conditions (Uc =5 V)
show a peak centered at 1198 Torand at 1460 m/z f&" attributed to the pseudomolecular cation on
the basis of the m/z value and its characteristatopic pattern. The most prominent peak in the
isotopomer pattern of* and 2* was mass selected and used to study their chastictegas-phase
dissociation. The collision induced dissociationO{Cspectra forl* cations is shown in Figure 4. The
main fragmentation channel @f at collision energies (CE)dsorator= 20 €V consists of a sequential
loss of methanol molecules (32 Da) molecules t@ gimsaturated [MgBs(OCHs)2(edppi(edpp-H)T
(m/z 1166), [MaSy(OCHs)(edpp)(edpp-H)* (m/z 1134) and [MgBs(edpp-H}]* (m/z 1102) cations. At
CE Baboratory= 30 eV, the triply unsaturated species dominakes dpectrum. A similar gas-phase
behavior is observed for thi2r complex which sequentially loses methanol molecute yield the
[W3Ss(edpp-H}]* (m/z 1364) unsaturated cation. Such an unsatusgtedes was previously described
in our study on the gas phase behavior of the xgdpd/sS4(OH)s(edpp}]* cluster. [22] This behaviour

resembles that of the halide [MaX3(edpp}]* cluster precursors. A proton transfer mechanissmfr



the amino group to the halide atom bound to theesaratal accounts for the sequential losses of three

HX molecules with the concomitant formation of unsated metal/imine M=NH cluster species.[17]
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Figure 4. ESI mass spectrum at 5 5 V (top) and product ion spectra at two cadiisenergies Buoratory
= 20 eV (middle) and orator= 30 €V (bottom) of mass selected [ OCHz)z(edpp}]* (17).

Experimental Section

Materialsand methods

All reactions were carried out under a nitrogen agphere using standard Schlenck techniques.
Compounds [Me&Cls(edpp}]Cl [17] and [WeBrs(edpp}Br [14] were prepared by following
literature procedures. Addition of NaBRb concentrated methanol solutions of BP8CIz(edpp}]Cl

or [Ws&Brs(edpp}]Br causes precipitation of the corresponding pemylborates saltSolvents were
dried and degassed by standard methods beforeThgeremaining reactants were obtained from
commercial sources and used as recei¥®{!H} NMR spectra were recorded on a Varian Innova 300

MHz using CRCN as solvents and referenced to 85% Gh.
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Synthesis of [M 03S4(OCH3)s(edpp)s]BPha (1(BPha))

A green suspension of [M&Cls(edpp}]BPhs (0.050 g, 0.033mmol) in methanol (20 mL) was trdate
with triethylamine (0.167 mL, 1.198 mmol) undetrogen and the reaction mixture was heated at 45-
50°C overnight. Solution turns to dark green caliter removing one-half of the solvent under
reduced pressure, the desired product was prdeigitaith diethyl ether. Finally, the dark greenicol
was separated by filtration, washed with waterthgieether and dried under high vacuum to yield43.0

g (86 % yield) of an air stable product charactstiasl(BPh).

31p {1H} NMR (CD3CN, 121 MHZ)5= 40.3 (s, 3P). ESI-MS (GJEN, 5 V) m/z: 1198 [M]. IR (KBr): &

= 1434 (s), 1098 (s) 955 (m), 824 (w), 689 (s), F&)} 445 (w). UV/Vis (CHCN): kmax (¢) 345
(7135.9), 398 (4815.4), 656 nm (367.5Mdm-1). Anal. calcd for M@S4CsgH77N3P:03B (1516.18): C,

54.7: H,5.1; N, 2.8. Found: C, 54.6; H, 5.3; N..2.

Synthesis of [W3sS(OCHs)s(edpp)s]BPha (2(BPha))

A blue suspension of [V#Brs(edpp}]BPhs (0.050 g, 0.026 mmol) in methanol (20 mL) was &edat
with triethylamine (0.135 mL, 0.969 mmol) undetrogen and the reaction mixture was heated at 45-
50°C overnight. Solution turns to reddish-purpléoan After removing one-half of the solvent under
reduced pressure, the desired product was prdeigitay adding diethyl ether. Finally, the reddish-
purple solid was separated by filtration, washethwiater, diethyl ether and dried under high vacuum
to yield 0.045 g (96 % vyield) of an air stable protdcharacterized @&BPhy).

31P {1H} NMR (CD3CN, 121 MHz) 8= 18.5 (3P, stJb.w= 93.7 Hz). ESI-MS (CECN, 5 V) m/z: 1460
[M*]. IR (KBr): & = 1435 (s), 1100 (s) 1301 (s), 952 (m), 817 (V@R €s), 523 (s), 447 (w). UV/Vis
(CH3CN): Amax () 330 (8054.5), 375 (6564.2), 641 nm (437.4' Mm-). Anal. calcd for

W3SCeoH77N3P303B (1779.88): C, 46.6; H, 4.4; N, 2.4. Found: CH®&1, 4.3; N, 2.6.
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X-ray data collection and structurerefinement

Suitable crystals for X-ray studies of the tetrapligorate salts ofl* and 2* were grown by slow
evaporation of a sample solution in methanol. X-d#yraction experiments were carried out on a
Agilent Supernova diffractometer equipped with athags CCD detector using Moeradiation A =
0.71073 A) for1,(BPhy),-4(CHOH) and Cu-Ki radiation A = 1.54184A) for2;(BPh)2-(CH3OH).
Absorption corrections based on the multi-scan oektivere applied.[27, 28] The structures were
solved by direct methods in SHELXS-2013 and refibgdhe least squares method with the program
SHELXL-2013 using the OLEX software package. [29] Bwo crystallographically independetit or

2* units are present in each structure. The remaipgaks after the location of the clusters and the
anions were assigned to carbon and oxygen atonms frethanol solvent molecules and refined
anisotropically. The hydrogen atoms bonded to aartmotrogen and oxygen were included at their
idealized position and refined isotropically as ersl except that bonded to O(10) in
12(BPh)2- 4(CHOH) due to its high thermal parameter (Ueq = 0.8 The structural figures were

drawn using DIAMOND visual crystal structure infcation system software.[31]

Crystal data forlz(BPh)2- 4(CHOH) : CiaH169B2M0eNsO10PsSs, M = 3159.38, triclinic, space group
P-1, a = 18.3620(4) A, b = 20.3453(3) &= 21.8810(4) Ap. = 113.0821(16) % = 101.2477(17) °y =
97.2159(15) °, V = 7188.1(2) & T = 149.9(3) K,Z = 2, y(Mo Ka) 0.749 mni. Reflections
collected/unique = 89411 / 2535+« = 0.0585). Final refinement converged wikh= 0.1019 and W

= 0.2101 for all reflections, GOF = 1.067, max/meésidual electron density 1.75/-1.20 &:A

Crystal data foR2(BPhy)2-(CH3OH): CiadH158B2NeO7PsSsWe, M =3591.72, triclinic, space groupl, a
= 14.7148(4) A, b = 19.2420(4) A = 25.4644(4) A0 = 90.8329(15) °p = 92.4448(16) °y =
108.203(2) °V = 6840.0(3) & T = 150.00(10) KZ = 2, i(Cu Ka) 11.307 mmi. Reflections
collected/unique = 128421 / 24158 = 0.0618). Final refinement converged with = 0.0707 and

WR: = 0.14009 for all reflections, GOF = 1.068, max/mesidual electron density 3.40/-1.69 &: A
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M ass Spectrometry Experiments

ESI and tandem mass experiments have been condaonoteal Quattro LC (quadrupole-hexapole-
guadrupole) mass spectrometer with an orthogorsgirdy electrospray interface (Waters, Manchester,
UK). Sample solutions have been infused via syripgep directly connected to the ESI source at a
flow rate of 10puL/min and a capillary voltage of 3.5 kV was usedhe positive scan mode. Nitrogen
has been used as the desolvation gas and nelnnizgdis, at a flow of 7.5 L/min and 1.3 L/min,
respectively. ESI mass spectra of acetonitriletsmis of1(BPhy) and2(BPh) recorded at low voltages
(typically Uc = 5 V) promote the gas phase formation of pseuderntar 1* and 2* cations. To do
research on their characteristic gas-phase digsmtiave studied the collision induced dissociation
(CID) spectra ofl* and2* cationic clusters. For CID spectra, catidriasnd2* (generated at low cone
voltages) were mass-selected by using a first queade (Q1) and interacted with argon in the hexapol
collision cell under multiple-collision conditior{ypically 7 x 16* mbar) at variable collision energies
(typically Eiab = 5 — 30 eV) while scanning the second quadru@B) to monitor the ionic products of
fragmentation. An isolation width of 1 Da was used the first quadrupole analyzer. Isotope
experimental patterns were compared with theodefiedterns obtained using the MassLynx 4.0

program.[32]

Conclusions

In conclusion, methoxo-terminated trimetallic malgnum and tungsten clusters containing
aminophosphine ligands have been synthesized ®ffitbt time by ligand substitution from halide
[M3SsX3(edpp}l* (M = Mo, W; X = CI, Br) precursors. They have begnly characterized by
spectroscopic and single crystal x-ray diffracti@chniques. Their molecular structure confirm the
presence of terminal methoxo groups directly cowmttid to molybdenum and tungsten centres. Gas-
phase fragmentation of these novel alcoxo-termthatesters ions show the sequential losses of three

methanol molecules to yield metal/imine M=NH clustpecies.
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Supporting Information (see footnote on the first page of this articl€CDC reference numbers

1896337 {2(BPhy)2- 4(CHOH)) and 18963382%(BPhy)2: (CHOH)).
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New methoxo-terminated M3S4 (M=Mo,W) clusters begraminophosphine ligands have been fully

characterized by spectroscopic, mass spectronatdcX-ray techniques. Gas-phase dissociation of the

novel methoxo cluster cations using ESI tandem rspsstrometry is also presented.
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